and poor curing performance compared with conventional QTH lights. First-generation LED lights generally require much longer exposure times to provide a similar level of curing performance as QTH lights, and they generate less temperature in their targets. First-generation LED LCUs display an average irradiance of 150-400 mW/ cm 2 and a power output of 1 W. By utilizing a single chip of much higher surface area, which emits only one color range of greatly increased output power, second-generation LED models perform better than their first-generation counterparts. 6 Second-generation LED LCUs can achieve similar polymerization and curing performances to those produced by QTH lights under similar exposure times. 7 Second-generation LED LCUs display an irradiance of up to 800 mW/cm 2 and a power output of 5 W. Third-generation LED lights use a combination of LEDs to produce a broader spectral output. These lights may polymerize a broader range of resins than the second-generation curing lights. 6 The irradiance and power output of third-generation LED LCUs exceed 1.100 mW/cm 2 and 8 W, respectively. 6 Recently, bleached shades of composites have been developed to match lighter shades of teeth which contain alternative initiators to avoid the intense yellow color of camphorquinone. For this reason, as well as to improve photoinitiation efficiency, alternative photoinitiators, such as phenylpropanedione (PPD), monoacylphosphine oxide (MAPO or Lucirin TPO) and bisacylphosphine oxide (BAPO or Irgacure 819), have been introduced into composites. However, the absorption spectra of these molecules are different from the camphorquinone spectrum. To overcome this problem, the so-called third generation of LED LCU was invented, combining two different light peaks, blue and violet. 5 Initial results achieved with these lights have been promising; being similar to or better than those achieved with second generation LED LCU. Asmussen and Peutzfeldt concluded that temperature rise was correlated with power density. 7 The power densities of the third generation LED lights are higher than those of QTH lights, so the temperature rise in the pulp chamber can be higher with these lights. The aim of this study was to evaluate the direct thermal emission and increase in intrapulpal temperature generated by QTH and LED LCU. Null hypotheses for this study are that the distance between light source and tooth does not affect the temperature and QTH and second and third generation LED lights increase the pulp chamber temperature in the same amount.
Methods

This in vitro study was done in 2 parts:
The first part of the study was undertaken to directly quantify the thermal emission from halogen and LED LCUs. The second part was an in vivo simulation of composite restoration, which compared the temperature rise in pulp chamber of human mandibular first premolar with photoactivation from different LCU.
Directly Quantify the Thermal Emission From Halogen and LED LCUs: In Vitro Study (First Part of the Study) Three groups were formed according to the light curing unit used (Table 1) . In this study, the exposure time protocol for all three LCU was followed according to a study by Leprince et al. 5 One acrylic base plate (30 mm X 30 mm X 6 mm) was made with a groove (15 mm X 1.5 mm) on its top to receive K type thermocouple. 8 The thermocouple was secured onto the groove so that its surface it was flushed against the top of the base plate ( Figure 1 ). Four acrylic spacer plates ( Figure 2 ) (dimension of spacer plates are mentioned in Table 2 ) were made to control the distance between the thermocouple and LCU tip (i.e. 3 mm 6 mm distance) ( Figure 3) . A window was made in each spacer according to the respected tip diameter of LCU. According to each group, a particular acrylic spacer was kept between the tip of the curing light and the acrylic block which had secured thermocouple in it (Figure 4) . The light guide tips of the various LCUs were placed over the window of the acrylic spacer and activated ( Figure 4) . The thermal emission of each light curing unit was measured by a K-type thermocouple (Anjaney Thermocontrols) and a digital thermometer (accurate to 0.18°C, with 0.1-second response time) (Anjaney Thermocontrols, Ahmedabad, India). The study was done at 30°C room temperature. Five readings were obtained for each of the light-curing units ( Figure 5 ; Tables 3 and 4 To measure the temperature rise in pulp chamber while curing, a thermocouple was inserted in the pulp chamber.
The 3 mm apical portion of the root of each tooth was cut and the pulpal tissues were removed with the help of K files. The pulp chamber and root canal were then cleaned with a 5.25% sodium hypochlorite solution (Vishal Dentocare) and finally flushed with distilled water and then dried with paper points. Before inserting the thermocouple, an electrocardiogram (ECG) gel (to facilitate the transfer of heat from the walls of the pulp chamber to the thermocouple) was injected into the pulp chamber through the prepared apical portion of the root, for surrounding and stabilizing the thermal probe in position. (ECG gel is a water based gel and the pulp's main component is also water, so ECG gel was used to mimic heat transfer of pulpal tissue.) The thermocouple, connected to a digital thermometer (the same which was used in the first part of the study) passed through the apex ( Figure 6D ) and was then placed into the pulp chamber, touching the central region of the chamber's roof. The root end was sealed with cyanoacrylate glue (Araldite) ( Figure 6A ). The position of the thermocouple was confirmed with the radiovisiograph. ( Figure 6B ) Only those teeth, with the remaining dentin thickness of 2 mm, were included in the present study. The teeth were randomly divided into three groups (10 in each) according to allo- (Table 1) . This whole assembly of tooth with thermocouple was submerged into water of the waterbath machine up to the cemento-enamel junction of the tooth (like attachment of periodontal ligament) with the help of custom made -acrylic platform (Figures 7, 8 , and 6C). In the lab, waterbath machine was used to keep water at a constant temperature of a determined 37°C (i.e. to simulate human body temperature). The tooth preparation was etched with 37% phosphoric acid gel (D-Tech, Sakhi Chem,PVTltd ) for 15 seconds, which was rinsed by air/water spray for 40 seconds. One coat of adhesive Tetric N-Bond (Ivoclar Vivadent) (2 step etch-and-rinse) was applied on all walls of the teeth preparation. Data recording was initiated, and when a stable, physiologic baseline temperature (37°C) of water (into which the teeth were submerged) was reached, the light curing unit was activated for the specified duration, and temperature rise during this period was recorded ( Figure 9 ). 9 Then incremental curing of 1 mm photocurable composite was done up to 3 mm. Each increment was cured and temperature rise was noted for each incremental curing ( Figure 10 , Table 5 ). The composite was placed with incremental layering technique. Sequential placement of composite did not permit the material to return to its initial temperature. 10 Hence, a break of 30 seconds was allowed between each increment to allow the When one way ANOVA test was applied, statistically significant difference was found in temperature rise at both the distance between the light curing unit and the thermocouple. The temperature rise observed at 3 mm distance was significantly higher than at 6 mm distance. These results concurred with those of Shortall and Harrington. 11 In addition, the thermal emission of LED lights was significantly lower than halogen light (QHL75) at 3 mm and 6 mm distances (Table 3, Figure 11 ). Among the LED lights, the newer third generation LED light (Bluephase 20i) had showed significantly less temperature rise than second generation LED light (CURE MASTER). With all the LCU, the rate of increase in intrapulpal temperature sequentially decreases during the curing of the first, the second and the third layer of composite ( Table 6 ). The intrapulpal temperature increase during the curing of bonding agent is lower than that which occurs during the The mean temperature increase is highly significant as the P < 0.001 level.
curing of the first layer of composite. (Distance increases after application of composite) ( Table 6 , Figure 12 ). While comparing intrapulpal temperature rise during curing of the bonding agent and first, second and third increment it was apparent from Figure 12 that, Bluephase 20i had shown the least temperature rise followed by CURE MASTER (second generation LED light), QHL75 (QTH light).
Discussion
The heat generated in the tooth during light curing of composite resin results in an increase in intrapulpal temperature. Zach and Cohen 4 studied the teeth of Rhesus monkeys. In that study when the temperature of pulp was increased by 5.5°C, 15% of the teeth became necrotic. So the pulp temperature rise should be kept as low as possible while curing the composite to avoid damaging the pulp. It has been stated that the main influencing factor for temperature rise, during the light-activated polymerization of composites, is the energy emitted from the LCU; and the exothermic composite polymerization process is only of secondary importance to the temperature rise. 2, 12 The first part of our study was designed according to the study done by Yap and Soh. 13 it is apparent that as the distance between light curing unit and the tooth decreases, the temperature tends to rise. The decrease in light intensity of the LCU was in conformity with the inverse square Temperature Rise With conventional QTH and Advanced LED Light Curing Units: An In Vitro Study law for the distances between the tip of the LCU and the surface of the restoration. [13] [14] [15] For QTH light curing unit, at 3 mm distance, a temperature rise of 4.5-7.2°C was recorded. For second and third generation LED devices, the temperature risings recorded at 3 mm distance were between 2.5-4.8 o C and 1.7-2.5 o C respectively. As noted in Table 3 , the temperature rise at 6-mm distance was 2.6-4°C (for QTH light), 1.9-3.9°C (second generation LED light) and 0.9-1.9°C (third generation LED light). Hence, as the distance between light curing unit and the tooth decreases, the temperature tends to rise. So our null hypothesis was wrong regarding the distance between the light source and the tooth/ restorative material. From the result of the present study, it is also obvious that both LED LCUs emit significantly lower heat than QTH lights at both 3 mm and 6mm distances. The reason for less heat emission was the use of a junction of doped semiconductors (p-n junctions) (as in LED light) rather than a hot filament (as in QTH bulbs). As the spectral output of gallium nitride blue LEDs falls within the ab-sorption spectrum of the camphorquinone photoinitiators, no light filters are required as in QTH light. 10 The light intensity of Bluephase 20i (2000 mW/cm 2 , third generation LED light) is considerably higher than that of QHL75 (450 mW/cm 2 , QTH light). As concluded in the study conducted by Santini et al, 16 there is a direct relation between the light intensity and the rise in pulp chamber temperature. But since the third generation LED requires less curing time compared to QTH, LED shows lower temperature rise than QTH light. 5, 17 In addition, there was a narrow spectrum of radiation of higher intensity present in the emitted light by LED lights. This fact has been offered as an explanation for the finding that Bluephase 20i curing units have resulted in less heat generation than QHL75 curing units. In the second part of this study, an in vivo simulation of curing of composite restoration with various LCU was performed. The present study was designed exactly according to the study done by Santini et al. 16 While considering the time, the highest temperature noted in the entire restorative procedure was during the polymerization of the bonding agent because of its proximity to the pulp chamber. This was in accordance with the results found by Millen et al. 14 Previous study observed that the temperature decreased with increase in thickness of the composite. 18 As the thickness of composite increases, less heat would be available at the roof of the pulp chamber. But special concern lies for bonding procedures in deep cavities, where photoactivation of the adhesive is carried out without any layer of restorative resin that could act as a barrier for thermal conduction. In this study, during the placement of the first composite increment, the greatest temperature rise was observed at the base of the cavity. It was observed that with the placement of the second increment of composite, the temperature rise became significantly lower. This indicates the insulating property of composite material. The similar results were obtained in the study by Kavitha et al. 19 Here, the LED units produced little temperature increase when compared to QTH units. This result was also in accordance with the findings of McCabe 20 and Lloyd et al. 12 While evaluating the in vivo simulation, the sum of all the exposures seems to cause a considerable rise in pulpal temperature. The maximum temperature rise observed was 4.0°C for QTH unit, which was well below the limits that affect the integrity of the dental pulp. It is always better to use LED light curing unit rather than QTH units, as LED units cause minimal thermal emission. Our second part of the hypothesis is also wrong, because LED light elicit less temperature, and among them the third generation LED source produces the least pulp chamber temperature rise. Thermal stimuli can trigger nervous reflexes and release vasoactive mediators resulting in arteriolar dilatation and enhance the blood circulation of the pulp. Blood flow through the pulp tissue causes heat dissipation and some amount of heat may also be absorbed by the gingival connective tissues. The experimental set up did not account for blood circulation which occurs in the natural, vital pulp chamber. The experimental values obtained may be higher than those occurring in vivo and cannot be directly applied to temperature changes in vivo.
In this study, we had not taken in account the heat coming from the exothermic reaction which occurs during the polymerization of the composite. Therefore, further in vivo and in vitro investigations are needed to assess the effect of exothermic reaction of resin composites on temperature changes in dentin.
The results of the present study may help the clinicians to develop a better understanding of the possible adverse consequences of their choice of light curing unit. While curing composites in deep cavities, clinicians should be aware of the potential thermal hazard associated with using high intensity lights. Minimum irradiation time should be used, when curing bonding agents. As the heat emitted by LED lights are significantly lower than halogens, they exhibited a potential advantage over halogen lights in the curing of composites.
Conclusion
According to the results obtained, it was concluded that the LCU induce the temperature rise during the restorative procedure. The heat emitted by different LED/halogen lights varies significantly. As the distance between the light source and the thermocouple increased, the effect of direct thermal emission decreased. From the second setting of the study, it was concluded that the use of low and high intensity light sources did not cause rise in intrapulpal temperature which could exceed the reference values of 5.5°C reported to induce pulpal injury. The third generation LED light curing unit had the least heat emission and could induce the lower rise in intrapulpal temperature in pulp chamber of the single rooted tooth.
